INTRODUCTION {#S1}
============

Atopic dermatitis (AD) is a chronic inflammatory skin disease associated with significant morbidity ([@R2]). Colonization and recurrent infection with the bacterial pathogen, *Staphylococcus aureus*, are characteristic findings in AD ([@R3]); however, the mechanisms underlying this increased susceptibility remain poorly understood. Studies on the pathophysiology of AD reveal reduced epidermal barrier function attributable to defects in the keratinocyte differentiation program ([@R8]; [@R20]; [@R21]). Furthermore, AD skin is characterized by over-expression of the Th2 cytokines, IL-4 and IL-13 ([@R11]). These cytokines have been shown to inhibit keratinocyte differentiation causing decreased expression of the protein, filaggrin (FLG) ([@R13]). Recently, Th2 cytokines have also been shown to inhibit generation of ceramides ([@R24]), hydrophobic lipids also critical for epidermal function.

Although Th2 cytokines are highly expressed in acute AD skin lesions ([@R11]), the effect of these cytokines on cell death induced by *S. aureus* has not yet been explored. Cell death induced by *S. aureus* is primarily mediated by secretion of alpha toxin ([@R5]; [@R27]), a destructive pore-forming toxin that is often found in the lesions of patients with severe AD ([@R29]; [@R35]). Alpha toxin induced cell lysis requires that the host express the lipid, sphingomyelin, on its cell surface ([@R25]; [@R33]). It has been reported that alpha toxin specifically recognizes the phosphocholine head group of sphingomyelin ([@R31]). Following binding, alpha toxin heptamerizes and becomes irreversibly inserted into the cell membrane ([@R32]).

Different cell types display varying sensitivities to staphylococcal alpha toxin ([@R32]). Recent studies have shown that keratinocyte death induced by alpha toxin can be modulated through the process of cell differentiation ([@R4]). It is not currently known, however, whether Th2 cytokines also modulate alpha toxin induced cell death. The current study was therefore carried out to compare the effects of alpha toxin in Th2 cytokine treated and control human keratinocytes, and to determine processes that may contribute to host defense.

RESULTS {#S2}
=======

Staphylococcal alpha toxin induces cell death in AD skin biopsies {#S3}
-----------------------------------------------------------------

Control and acute AD skin biopsies were harvested and treated for 24 hours with media ([Fig. 1A](#F1){ref-type="fig"} top panels) or *S. aureus* alpha toxin (lower panels). Compared to normal biopsies, skin from AD patients shows an increase in pyknotic nuclei and decreased cytoplasmic staining, which are indicative of cell damage. (Yellow arrows in the lower right panel show pyknosis, condensed chromatin and decreased cytoplasm in alpha toxin treated AD skin). In AD skin, alpha toxin induced cell damage was observed throughout the skin keratinocyte layers. Measurement of cell death in skin biopsies was quantitated by lactate dehydrogenase (LDH) release and is shown in [Fig. 1B](#F1){ref-type="fig"}. While small increases in spontaneous cell death were observed in AD skin, a prominent 5-fold increase in alpha toxin induced cell death was observed in AD skin (mean: 25.9%) compared to normal skin (mean: 3.59%). This difference in alpha toxin induced cell death was statistically significant (p \< 0.001).

Th2 cytokines increase staphylococcal alpha toxin induced keratinocyte death {#S4}
----------------------------------------------------------------------------

Atopic dermatitis is strongly associated with increased levels of the inflammatory Th2 cytokines, IL-4 and IL-13 ([@R11]). We therefore examined the direct effect of these cytokines, as well as the Th1 cytokine, interferon gamma (IFN-γ), on keratinocyte sensitivity to staphylococcal alpha toxin. Modulation of alpha toxin induced cell death was determined by LDH release. [Fig 2A](#F2){ref-type="fig"} shows that undifferentiated primary human epidermal keratinocytes were highly sensitive to alpha toxin, and that IL-4/IL-13 modestly increased both basal and alpha toxin induced cell death (p\< 0.05). A striking effect, however, was induced by IFN-γ, which caused significant protection from alpha toxin in undifferentiated cells (p\< 0.001). To evaluate whether keratinocyte differentiation influenced sensitivity to alpha toxin, keratinocytes were differentiated *in vitro* by raising the calcium concentration. Differentiation was monitored through induction of filaggrin (FLG) expression ([Suppl. Fig. 1](#SD1){ref-type="supplementary-material"}). A comparison of [Figs. 2A and 2B](#F2){ref-type="fig"} shows that keratinocytes differentiated with calcium were resistant to alpha toxin induced cell death. [Fig. 2B](#F2){ref-type="fig"} shows that although differentiated cells were protected from alpha toxin, keratinocytes differentiated in the presence of IL-4/IL-13 had significantly increased alpha toxin induced cell death (p \< 0.001). Therefore, IL-4/IL-13 exerted effects that blocked the differentiation induced protection from alpha toxin.

STAT6 mediates the increased cell death induced by Th2 cytokines {#S5}
----------------------------------------------------------------

A potent increase in alpha toxin induced cell death was observed upon treatment with Th2 cytokines. In the remainder of our studies, we focus on determining the molecular events induced by Th2 cytokines that influence alpha toxin induced cytotoxicity. It has been documented that STAT6 mediates signaling through IL-4 and IL-13 ([@R1]; [@R17]; [@R28]). We therefore used siRNA directed against STAT6 to show the specificity of the Th2 cytokines, IL-4 and IL-13, in potentiating alpha toxin induced cell death. Knockdown of STAT6 in differentiated cells is shown in [Figs. 3A, B, and C](#F3){ref-type="fig"}. [Fig. 3D](#F3){ref-type="fig"} demonstrates up-regulation of the differentiation marker, FLG, in differentiated cells, as well as FLG inhibition by IL-4/IL-13. Notably, following siRNA knockdown of STAT6, keratinocytes expressed FLG even in the presence of IL-4/IL-13. In [Fig. 3E](#F3){ref-type="fig"}, we show that differentiated keratinocytes treated with IL-4/IL-13 are sensitive to alpha toxin induced cell death. However, keratinocytes treated with STAT6 siRNA were protected from the effects of these cytokines. The 4-fold reduction in cell death induced by alpha toxin in STAT6 knockdown cells was significant (p \< 0.001). Therefore, the increased alpha toxin induced cell death mediated by IL-4/13 requires expression of STAT6.

Sphingomyelinase and phosphocholine protect Th2 cytokine treated keratinocytes from alpha toxin binding and induced death {#S6}
-------------------------------------------------------------------------------------------------------------------------

Alpha toxin recognition of the membrane lipid, sphingomyelin, is critical for binding to the host cell ([@R31]). Levels of sphingomyelin on the host cell surface can be reduced by sphingomyelinase (SMase), which cleaves the phosphocholine head group from sphingomyelin to produce ceramide ([Suppl. Fig. 2](#SD1){ref-type="supplementary-material"}). Importantly, although alpha toxin readily binds to membranes composed of sphingomyelin, it cannot bind to ceramide ([@R31]). Treatment of cells with exogenously applied SMase, has been shown to convert 95% of surface sphingomyelin into ceramide without adversely affecting cell viability ([@R30]). We therefore tested whether the addition of exogenous SMase could directly protect Th2 cytokine treated cells from the lethal effects of alpha toxin. [Fig. 4A](#F4){ref-type="fig"} shows that Th2 cytokine exposed cells are sensitive to alpha toxin induced cell death. In contrast, keratinocytes treated exogenously with SMase were protected from alpha toxin induced lethality. These results indicated that SMase activity was sufficient to protect keratinocytes from alpha toxin, and suggest that SMase causes reduced expression of an alpha toxin receptor.

The number of alpha toxin receptors is reflected by the amount of alpha toxin heptamer that irreversibly attaches to the host cell surface. Therefore, we next analyzed the effect of exogenous SMase treatment on alpha toxin binding to host cells ([Figs. 4B, C](#F4){ref-type="fig"}). In comparison to untreated cells, cells pretreated for an hour with SMase bound significantly less alpha toxin heptamer (compare lanes 2,3 with lanes 5,6). The reduced binding demonstrates that SMase can mediate a protective effect by preventing alpha toxin attachment to the cell surface.

SMase treatment releases free phosphocholine. Because alpha toxin interacts primarily with the phosphocholine head group on sphingomyelin, we next tested whether free phosphocholine could act as a decoy to prevent alpha toxin binding to the cell membrane. [Fig. 4D](#F4){ref-type="fig"} shows that cells treated with millimolar concentrations of phosphocholine are protected from alpha toxin mediated lysis, particularly at low alpha toxin concentrations.

Th2 cytokines reduce acid SMase expression, lamellar body formation and ceramide levels {#S7}
---------------------------------------------------------------------------------------

We next tested whether Th2 cytokines directly inhibit SMase expression. We examined cellular acid SMase (ASMase) expression, as this is a predominant SMase that regulates sphingomyelin conversion into ceramide in keratinocytes. Keratinocytes differentiated in the presence or absence of cytokines were stained with anti-ASMase antibody and expression was determined by immunofluorescence. [Fig. 5A](#F5){ref-type="fig"} shows that cells differentiated in the absence of cytokines have prominent staining of ASMase. In contrast, ASMase staining in Th2 cytokine treated cells is significantly reduced. Quantification ([Fig. 5B](#F5){ref-type="fig"}) reveals a 3.5 fold reduction in the number of ASMase positive cells (p \< 0.001). In normal differentiated cells, ASMase localizes to discrete granules, known as lamellar bodies ([@R10]; [@R23]). Our data shows that ASMase staining in differentiated cells localizes in punctate granules, consistent with association into lamellar bodies. Staining with Oil Red O, a lipid/lamellar body indicator, is prominent in differentiated cells, but is markedly reduced by Th2 cytokine treatment ([Fig. 5C](#F5){ref-type="fig"}), thus indicating a reduction in lamellar body formation. Upon Th2 cytokine treatment a six-fold reduction in the number of Oil Red O positive cells was observed (p \< 0.001) ([Fig. 5D](#F5){ref-type="fig"}).

An additional marker of keratinocyte differentiation, the up-regulation of ceramide levels, was also inhibited by Th2 cytokines as determined by analysis of cellular lipid content by thin layer chromatography (TLC) (compare lanes 2, 4, and 6 with 3, 5, and 7 in [Fig. 5E](#F5){ref-type="fig"}). Quantification of ceramide levels in keratinocytes differentiated for five days in the presence and absence of Th2 cytokines is shown in [Fig. 5F](#F5){ref-type="fig"}.

Quantification of levels of A Disintegrin And Metalloproteinase domain-containing protein 10 (ADAM10), an additional receptor for alpha toxin ([@R36]), was also performed. Our results indicate that ADAM10 expression was not significantly modulated by Th2 cytokines ([Suppl. Figs. 3A and B](#SD1){ref-type="supplementary-material"}).

STAT6 is required for Th2 cytokine mediated inhibition of lipid processing events {#S8}
---------------------------------------------------------------------------------

Our data demonstrates that Th2 cytokines interfere with lipid processing by blocking production of ASMase, lamellar bodies, and ceramides. To determine whether STAT6 plays a role in these processes, we transfected cells with siRNA directed against STAT6, and then differentiated the keratinocytes in the presence or absence of Th2 cytokines. Our data indicates that STAT6 siRNA reverses the inhibition of lipid processing mediated by Th2 cytokines, leading to increased levels of ASMase ([Fig.6A](#F6){ref-type="fig"}), lamellar bodies ([Fig. 6B](#F6){ref-type="fig"}) and ceramides ([Fig. 6C](#F6){ref-type="fig"}).

DISCUSSION {#S9}
==========

*S. aureus* colonization and infection of the skin are recurrent complications in the pathogenesis of AD ([@R3]). Although inflammatory Th2 cytokines are highly expressed in acute AD skin lesions ([@R9]; [@R26]), the effect of Th2 cytokines on cell death induced by *S. aureus* has not yet been explored. Here, we report that Th2 cytokines increase *S. aureus* alpha toxin induced cytotoxicity. We also show that AD skin is more sensitive to alpha toxin induced cell death. Therefore, the increased cell death in AD skin correlates with increased exposure to Th2 cytokines.

Previous studies have shown that Th2 cytokines induce signaling events through STAT6 ([@R1]; [@R17]; [@R28]). We show here that STAT6 siRNA blocks the decrease in FLG expression induced by Th2 cytokines. Furthermore, STAT6 siRNA prevents the Th2 cytokine mediated reduction in ceramide levels, ASMase expression, and lamellar body formation. Cumulatively, STAT6 siRNA reverses the inhibition of differentiation induced by Th2 cytokines and protects keratinocytes from alpha toxin induced cell death.

We propose that Th2 cytokines induce changes at the molecular level that modulate keratinocyte sensitivity to alpha toxin. Our previous studies have shown that Th2 cytokines inhibit differentiation signals leading to decreased expression of filaggrin ([@R13]; [@R16]). We show here that keratinocytes exposed to Th2 cytokines also have reduced levels of ASMase, as well as reduced levels of ceramide. Since ASMase functions to degrade sphingomyelin, one could hypothesize that increased levels of sphingomyelin may remain on Th2 cytokine treated cells, rendering cells more sensitive to alpha toxin. We were unable, however, to determine levels of sphingomyelin on the cell surface (data not shown) as measurements were complicated by significant pools of sphingomyelin stored intracellularly inside lamellar bodies ([@R10]; [@R34]). We also found that lamellar body production, which normally occurs during keratinocyte differentiation ([@R23]), was inhibited by Th2 cytokines. Since lamellar bodies are also involved in the transport of ASMase ([@R10]), the reduction in lamellar bodies may result in reduced surface ASMase in Th2 cytokine treated cells.

It is interesting to note that the altered development caused by Th2 cytokines correlates with defects often associated with AD. Indeed, AD skin reportedly has reduced ASMase activity ([@R15]) and lamellar body secretion ([@R22]), as well as reduced levels of ceramides ([@R7]; [@R12]; [@R14]). Since, Th2 cytokines also reduce levels of tight junction proteins ([@R6]), and filaggrin expression, these cumulative changes may result in aberrant barrier function, allowing greater alpha toxin penetration.

In addition, we observe increased basal cell death in Th2 cytokine treated primary keratinocytes. Therefore, these cytokines may contribute to elevated basal LDH release observed in AD skin. In addition, although none of our patients were overtly infected, AD skin can also be colonized with *S. aureus*, and contain measurable levels of alpha toxin ([@R29]), which may also contribute to increased basal LDH release.

We find that the increased cell death induced by Th2 cytokines can be blocked by exogenous SMase, a treatment that also prevents alpha toxin binding to the cell surface. Th2 cytokine treated keratinocytes can be protected from alpha toxin by treatment with phosphocholine. This protection may be due to fact that alpha toxin specifically interacts with the phosphocholine head group on sphingomyelin ([@R31]). Since alpha toxin released by *S. aureus* plays a critical role in exacerbation of the keratinocytic lesions associated with AD ([@R35]), it remains possible that phosphocholine could be developed into therapy for treatment of *S. aureus* mediated skin disease

In contrast to Th2 cytokines, we find that exposure to the Th1 cytokine, IFN-γ, inhibits alpha toxin cytotoxicity. Intriguingly, IFN-γ treatment in leukemia cells has been shown to activate SMase, and generate ceramide ([@R18]). These data support a hypothesis in which protection from alpha toxin may be obtained by activation of cellular SMase.

*S. aureus* causes approximately 500,000 infections and 20,000 deaths each year in the United States alone ([@R19]). Since infections are becoming increasingly antibiotic resistant, a better understanding of the factors that modulate alpha toxin induced lethality may help to reduce disease. Our current study demonstrates that Th2 cytokine exposed keratinocytes, as well as AD skin, have increased susceptibility to *S. aureus* alpha toxin induced cell death. We find that the molecular signaling events induced by Th2 cytokines are mediated through host expression of STAT6. Finally, we observe that phosphocholine can prevent the increased alpha toxin induced cell death induced by Th2 cytokines. Therefore, topical application of phosphocholine may be a useful therapeutic approach for prevention of *S. aureus* mediated exacerbation of skin lesions associated with AD.

MATERIALS AND METHODS {#S10}
=====================

Patients and Human Skin Explant Cultures {#S11}
----------------------------------------

Subjects included patients with acute lesional AD (erythematous lesions, less than 3 days in onset) and healthy individuals. All patients gave written informed consent prior to participation. The studies were approved by the Institutional Review Board at National Jewish Medical and Research Center in Denver, and were conducted according to the Declaration of Helsinki Principles. Four punch biopsies (2 mm) were obtained from skin of each donor and were placed in a 96-well plate and grown in EpiLife (Cascade Biologics; Portland, OR) with serum free media. All biopsies were initially cultured for 2 hours in the presence of media alone to allow for spontaneously occurring LDH release. The media was then removed and two biopsies from each donor were then cultured in fresh media containing no alpha toxin, and two biopsies were cultured in media containing 12.5ng/ml alpha toxin. Total incubation time was 20 hours. After the treatment period, media was removed and analyzed for LDH release. One of two of the skin biopsies from each group was used to determine total LDH release (Cyto-Tox One Kit, Promega; Madison, WI) and the other was submerged in 10% buffered formalin for sectioning and H&E staining.

Keratinocyte cell culture {#S12}
-------------------------

Primary human keratinocytes (Cascade Biologics) were grown in serum-free keratinocyte growth medium (EpiLife; Cascade Biologics), with 1% human keratinocyte growth supplement (Cascade Biologics), 0.06 mM CaCl~2~, and antibiotics. When indicated, cells were treated with alpha toxin (Sigma) for 24 hours. IL-4 and IL-13 cytokines (50 ng/ml each) and IFN--γ (25ng/ml) were from R&D systems (Minneapolis, MN). For LDH assays, keratinocytes were plated at 20,000 per well in a 96 well plate and were allowed to adhere overnight before treatment. Keratinocytes were treated with cytokines or media for 24 hours and then left undifferentiated or differentiated with media containing 1.3 mM calcium for 4 days. LDH release was determined using the Cyto-Tox One Kit from Promega according to the manufacturer's instructions.

Quantitative real-time PCR (RT-PCR) {#S13}
-----------------------------------

Total RNA was isolated by RNeasy Mini Kits (Qiagen, Inc.; Valencia, CA) according to the manufacturer's protocol. One microgram of RNA was reverse-transcribed using the Qiagen Quantiscript kit according to manufacturers protocol. RT-PCR was performed and analyzed by the dual-labeled fluorogenic probe method by using an ABI Prism 7300 sequence detector (Applied Biosystems; Foster City, CA). Primers and probes for human FLG, actin, STAT6, and ADAM10 were purchased from Applied Biosystems. Amplification reactions were performed in MicroAmp optical plates (Applied Biosystems) in a 25-μL volume as previously described ([@R13]). All reactions were normalized to beta actin.

siRNA transfection {#S14}
------------------

Third-passage keratinocytes of 50-60% confluence were transfected according to the manufacturer's instructions using Lipofectamine 2000 (Invitrogen) with 20 μM non-targeting or STAT6 Smartpool siRNA (Dharmacon) in antibiotic free media.

Immunoblot analysis {#S15}
-------------------

For analysis of alpha toxin binding and heptamerization, keratinocytes were treated with alpha toxin for one hour, washed with PBS, and harvested (without trypsin) in hypotonic lysis buffer with 1% Triton X-100, containing protease inhibitor (Complete, Roche). Cellular debris was pelleted by centrifugation and clarified lysates were resuspended in Laemmli buffer and proteins resolved on a 5-15% gradient gel (Biorad). (The alpha-toxin heptamer is stable during electrophoreses.) Transferred proteins were blotted with anti-alpha toxin antibody (Sigma), and detected by enhanced chemiluminescence (Amersham). Scanned images were quantitated with Image J software. For immunoblotting ADAM10 (antibody from Millipore), cells were harvested, lysed and probed as described above, but without alpha toxin treatment.

Cell staining and microscopy {#S16}
----------------------------

Immunofluorescence staining was performed using keratinocytes grown on coverslips. Cells were left untreated or treated with Th2 cytokines for 24 hours prior to addition of 1.3 mM calcium (to induce differentiation). Cells differentiated for 3 days were fixed with paraformaldehyde and permeabilized briefly with .5% Triton X-100. After blocking with BSA, sections were incubated with primary ASMase antibody (Abcam; Cambridge, MA) for 2 hours at room temperature. Secondary antibody (Jackson labs; West Grove, PA) was added for 1 hour. Images were taken with a Leica Microscope at 40× magnification using SlideBook software. Oil Red O (Sigma; Saint Louis, MO) staining was performed on cells grown on coverslips and fixed with paraformaldehyde. Cells were counterstained with Hematoxylin (Sigma) and images obtained with a light microscope at 20× magnification. Quantification was performed in a blinded fashion from printed images by counting 6 fields with 100 cells per field.

Measurement of ceramide levels {#S17}
------------------------------

Cells were left untreated or treated with Th2 cytokines for 24 hours prior to differentiation with 1.3 mM calcium for 5-9 days. Total cell lipids were harvested in chloroform/methanol/PBS (1:2:0.8) as described ([@R24]). After centrifugation the bottom organic layer was collected, evaporated, re-dissolved in chloroform/methanol (2/1) solvent and fractionated by High Performance Thin Layer Chromatography (TLC) on silica gel 60 plates (EMD-Millipore; Billerica, MA) using a solvent system of chloroform/methanol/water (80:10:1). Ceramide bands were determined based on co-migration with control standards (Matreya; Pleasant Gap, PA). Lipids were detected with 0.2% 8-anilino-1-naphthalenesulfonic acid (Sigma) and illuminated by fluorescence with UV light on a BioRad Molecular Imager. Quantitation of ceramides was performed on three replicates of samples differentiated in the presence or absence of Th2 cytokines for 5 days using Quantity One software (BioRad Laboratories).

Sphingomyelinase and phosphocholine treatment {#S18}
---------------------------------------------

Keratinocytes were treated with Th2 cytokines for 24 hours. SMase (0.5 units/ml) from *B. cereus* (Sigma) was incubated with keratinocytes for one hour prior to the addition of alpha toxin. After 24-hour incubation, LDH analysis was performed. 10 mM phosphocholine (Bachem; Bubendorf, Switzerland) was pre-incubated with alpha toxin for 1 hour at room temperature. The alpha toxin/phosphocholine mixture was then added to Th2 treated keratinocytes for 24 hours and LDH analysis was performed.

Statistical analyses {#S19}
--------------------

All statistical analysis was conducted using Graph Pad Prism. Comparisons of expression levels were performed using analysis of variance (ANOVA) techniques and Student's *t* tests as appropriate.

Supplementary Material {#SM}
======================

###### 

Supplemental Fig. 1 Filaggrin levels are reduced in Th2 cytokine treated cells. Primary kera4nocytes were treated with media, IL-4/13, or IFN-γ for 24 hours. Cells were then harvested (undifferen4ated) or treated with 1.3 mM calcium (differen4ated) for 5 addi4onal days. Filaggrin (FLG) mRNA was measured by RT-PCR and normalized to ac4n.

Supplemental Fig. 2 **Space filling model**. Sphingomyelin (which binds alpha toxin) can be cleaved by sphingomyelinase to generate ceramide (which cannot bind alpha toxin) and free phosphocholine.

Supplemental 3 ADAM10 expression is unchanged by Th2 cytokines (A) Kera4nocytes were differen4ated for 5 days in the presence or absence of IL-4/13 (n = 3). ADAM10 mRNA was measured by RT-PCR and normalized to ac4n. **(B)** Protein levels were measured by Western blot.
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![Increased staphylococcal alpha toxin induced cell death in atopic dermatitis skin\
**(A)** Panels show skin biopsies from normal and AD patients treated with media or alpha toxin, and stained by H&E. Increased cell damage (indicated by pyknotic cells with reduced cytoplasmic staining) is observed in AD biopsies compared to controls. Scale bar = 50 μm. **(B)** Quantification of cell death induced by alpha toxin treatment (12.5ng/ml 24 h) in skin biopsies from normal (n = 5) and AD patients (n = 5) was determined by LDH release. The LDH release induced by alpha toxin was calculated by subtracting out the baseline induced by media. Mean percent alpha toxin induced cell death ± SEM in control skin is 3.59% ± 1.20 (\* p \< .05 as compared to media cultured biopsies): mean alpha toxin induced cell death in AD is 25.9% ± 3.31, and was significantly different from control skin (\*\*\* p \< 0.001 as compared to media cultured biopsies).](nihms-559298-f0001){#F1}

![Th2 cytokines increase staphylococcal alpha toxin induced keratinocyte death\
**(A)** Undifferentiated primary human keratinocytes were cultured in the presence of media, IL-4/IL-13, or IFN-γ. Cell death induced by 100 ng/ml alpha toxin was measured by LDH release (n = 4). IFN-γ caused significant protection from alpha toxin induced cell death (p \< 0.001). Th2 cytokines caused a modest increase in cell death in undifferentiated cells (p \< 0.05). **(B)** Primary keratinocytes treated with media, IL-4/13, or IFN-γ, were differentiated with calcium for four days. Cell death induced by 100 ng/ml alpha toxin induced was measured by LDH release (n = 4). Th2 cytokines caused a significant increase in alpha toxin induced death in differentiated cells, p \< 0.001.](nihms-559298-f0002){#F2}

![Cell death induced by Th2 cytokines is mediated by STAT6\
Primary keratinocytes were transfected with control (non-targeting) or STAT6 siRNA. Transfected cells were then differentiated with calcium in the presence or absence of IL-4/13. **(A)** Following siRNA transfection, 80% percent knockdown of STAT6 was demonstrated by RTPCR. **(B)** Western blot analysis of STAT6 protein levels after siRNA knockdown. **(C)** Quantitation of reduction in STAT6 protein. Bars represent ratios of band density of STAT6 protein to that of actin loading control and are means of 3 experiments. **(D)** FLG expression in cytokine treated cells determined by RT-PCR (n = 3). **(E)** Control or STAT6 siRNA transfected cultures were treated with 100 ng/ml alpha toxin and cell death was measured by LDH release (n = 4). STAT6 siRNA protected IL-4/13 treated cells from alpha toxin induced cell death (p \< 0.001).](nihms-559298-f0003){#F3}

![SMase and phosphocholine protect Th2 cytokine treated cells from alpha toxin induced death and alpha toxin binding\
**(A)** Primary keratinocytes treated with Th2 cytokines were incubated in the presence or absence of exogenous SMase (0.5 units/ml) for 1hour. Keratinocytes were then treated with the indicated concentrations of alpha toxin, and cell death was measured by LDH release (n = 4). **(B)** keratinocytes treated with Th2 cytokines were incubated in the presence or absence of SMase for one hour. Cells were then incubated with alpha toxin for one additional hour. Alpha toxin heptamer binding was determined by immunoblotting the cell lysates. **(C)** Quantitation of alpha toxin heptamer binding. Bars represent means of 3 experiments. **(D)** 10 mM phosphocholine or media control was pre-incubated with alpha toxin for 1 hour and then the mixture was added to primary keratinocytes treated with Th2 cytokines. Keratinocytes cell death was measured by LDH release. Statistically significant differences in cell death were observed between the two groups at alpha concentrations over 100 ng/ml (\*\*\* p \< 0.001, n = 4).](nihms-559298-f0004){#F4}

![Th2 cytokines reduce ASMase levels, lamellar body formation, and ceramides\
Keratinocytes were differentiated in the presence or absence of Th2 cytokines. **(A)** ASMase staining (red), scale bar = 15 μm. **(B)** Quantification of the percent ASMase positive cells. **(C)** Lamellar granule formation (Oil Red O staining, Hematoxylin counterstain), scale bar = 40 μm. **(D)** Quantification of Oil Red O positive cells. **(E)** Keratinocytes were left undifferentiated (U), or differentiated for five (D5), seven (D7), or nine (D9) days in the absence (-) or presence (+) of Th2 cytokines. Lipids were extracted and analyzed by high-performance TLC and detected by fluorescence with 0.2% 8-anilino-1-naphthalenesulfonic acid (ANSA). Ceramide standard (Stnd) is indicated with an arrow. Ceramides induced upon differentiation were decreased by Th2 cytokines at all time points tested (compare lanes 2, 4, and 6 with 3, 5, and 7). **(F)** Keratinocytes were differentiated for 5 days in the presence or absence of Th2 cytokines and levels of ceramides were quantitated (n = 3).](nihms-559298-f0005){#F5}

![Changes in lipid metabolism induced by Th2 cytokines are mediated by STAT6\
Primary keratinocytes were transfected with control (non-targeting) or STAT6 siRNA. Transfected keratinocytes were differentiated in the presence or absence of Th2 cytokines. **(A)** Cells were stained with antibodies directed against ASMase and the percent positive cells were quantitated. **(B)** Cells were stained with Oil Red O to show lamellar bodies and the percent positive cells were quantitated. **(C)** Total lipids were extracted and ceramide levels were quantitated as described in [Figure 5](#F5){ref-type="fig"} and the change in ceramide content compared to media control was determined (n = 3).](nihms-559298-f0006){#F6}
